Neutron capture cross-sections have been calculated in nuclei near the N = 82 neutron shell closure. These nuclei are of astrophysical interest, participating in s-process and p-process. A semi-microscopic optical model have been used with the potential being obtained through folding the target density with the DDM3Y nucleon nucleon interaction. Theoretical density values have been calculated in the relativistic mean field approach. The calculated cross-section, as a function of neutron energy, agree reasonably well with experimental measurements. Maxwellian averaged cross-sections, important for astrophysical processes, have been calculated.
I. INTRODUCTION
After the seminal work of Burbidge et al. [1] , the method of creation of heavy elements through the slow neutron capture or s-process has been firmly established. A recent review that discusses our current understanding of the s-process may be found in Käppeler et al. [2] It is now understood that a major fraction of the nuclear abundance in the mass region 90 < A < 209 is due to the main s-process which takes place in He shells in low-mass AGB stars of moderate mass.
The role of the neutron capture reaction in s-process has been explored in many works. More accurate measurements have shown the inadequacy of the classical site-independent s-process and have paved the way to coupling with stellar models. A mass region, where the reaction cross-section plays a very important role, lies near the N = 82 shell closure. Here, the elements Ba (Z = 56) to Sm (Z = 62) have small cross-sections for neutron capture reactions because of the proximity of the shell-closure. Hence, they act as bottle-necks for the s-process reaction path. An s-process peak occurs at 138 Ba. There are several s-only nuclides such as 134,136 Ba, 142 Nd, and 148,150 Sm in this mass region. In the case of pairs of s-only isotopes such as 134, 136 Ba, the cross-sections and the abundances can be used to obtain the branching ratios of the s-process. Nuclei on the s-process path that have comparable beta decay rates and neutron capture rates act as branch points as the * Electronic address: saumidutta89@gmail.com † Electronic address: diptichakraborty2009@gmail.com ‡ Electronic address: ggphy@caluniv.ac.in § Electronic address: abhattacharyyacu@gmail.com nucleosynthesis path bifurcates towards both the proton and neutron rich sides while passing through them. The cross-sections at the branch points and s-only isotopes can provide important clues to the physical environments where the s-process takes place.
Although experimental measurements are available for many isotopes in the mass region, cross-section values are required for some unstable nuclei important to determine the branching ratios. Such nuclei include 134, 135 Cs, 141 Ce, 147 Nd, and 147,148 Pm. We should also remember that although the classical or canonical s-process calculations use the Maxwellian averaged cross-sections (MACS) at a single thermal energy (≈ 30 keV usually), recent approaches, which couple stellar models with the s-process network, need MACS at different thermal energies. Measurements are not always available and extrapolation to too distant value from the measured ones may lead to errors. Theoretical calculations can supplement the experimental measurements in this regard.
There are some neutron capture reactions in this mass region whose studies are relevant for the astrophysical p-process. Photodissociation reactions such as (γ, n) occur in extremely hot environments. Explosively burning Ne/O layer in core-collapse supernovae heated by the outgoing shock-wave may provide such an environment. Cross section values are very important as various photo-dissociation reactions such as (γ, n), (γ, p) and (γ, α) compete at high temperature. The emitted neutrons also may be absorbed after the shock wave passes through the layer. Thus it is very important to measure the cross-sections for relevant (γ, n) reactions at thermal energies. The reverse process, i.e., (n, γ) reactions may serve the purpose. For example, Dillmann et al. [3] studied a number of (n, γ) reactions with neutrons from the 7 Li(p, n) 7 Be reaction to simulate a Maxwellian neutron distribution at 25 keV thermal energy. Neutron capture reactions have been studied in various methods. Older experiments usually used neutron beams of comparatively wide resolution. As the resonances in this region are narrow (less than 1 eV), one gets an average cross-section in such experiments. Extremely high resolution experiments using the neutron time of flight technique (TOF) have been used to study the resonances. However, we are more interested in the Maxwellian averaged cross-sections. In such cases, the data have been compressed into coarse energy bins to obtain MACS values. In some other experiments, sources of neutrons have been used that closely simulated the thermal neutron spectrum at certain temperatures. They can provide direct measurement of MACS values.
In the present work, we have studied low energy neutron capture cross-sections of the nuclei near N = 82. In the next section, we briefly present our formalism. In Section III, we discuss our results for important neutron capture reactions near N = 82 shell closure, first at various neutron energies and compare with experimental measurements. It is followed by a calculation of the MACS values, first at 30 keV, and later at different thermal energies for some selected isotopes. Finally we summarize our work.
II. CALCULATION
We have used a semi-microscopic procedure to calculate the neutron capture cross-section in the present work. This method has been followed in a number of our recent works [4] [5] [6] [7] [8] [9] . For example, in Chakraborty et al. [9] , this procedure has been utilized to study proton capture reactions, important for the astrophysical p-process in mass 110−125 region. In the present approach, we extend it to study neutron capture reactions near N = 82 shell closure.
To briefly describe our procedure, we have assumed spherical symmetry for the target nuclei. The density profiles of the nuclei have been calculated in co-ordinate space in the relativistic mean field (RMF) approach using the FSU Gold Lagrangian density [10] . The charge density is obtained from the point proton density considering the finite size of the proton using a standard Gaussian form factor F (r) [11] as follows.
with a = 2/3a p , where a p = 0.80 fm is the root mean square (r.m.s.) charge radius of the proton. The charge density thus obtained is used to calculate r.m.s charge radii for some nuclei in and around the concerned region of shell closure to compare with experimentally available values. Comparison with measured values serves as a check on the applicability and reliability of the Lagrangian density used in the calculations. The nuclear density has then been folded with the DDM3Y nucleon-nucleon interaction to obtain the optical model potential. The interaction at distance r for density ρ and projectile energy in centre of mass frame E, supplemented by a zero range pseudo-potential, is given by
with the M3Y interaction [12, 13] in MeV
4r −2134 e −2.5r
Here E is given in MeV, r in fm and A is the mass number of the projectile. The density dependent factor is [14] 
with C and β taking values 2.07 and 1.624f m 2 , respectively, obtained from nuclear matter calculation [15] . We also use an additional spin-orbit potential U so n(p) (r) with energy dependent phenomenological potential depths λ vso and λ wso according to Scheerbaum prescription [16] , given by (6) with,
The DDM3Y interaction provides only the real part of the potential. The imaginary part of the potential is taken to be identical with the real part. This optical model potential has been used to study the neutron capture reaction cross-sections.
The computer code TALYS1.6 [17] has been used for cross-section calculations. Microscopic level densities, which are important ingredients in statistical model calculations of reaction cross-sections, are taken from the calculations of Goriely included in the code. The γ-strength functions for the dominant E1 γ transitions, are taken from Goriely's hybrid model [18] . Width fluctuation corrections in compound nuclear decay are also considered. These are especially important near threshold energy of new channel openings where channel strengths differ significantly. Radial densities are taken from RMF calculations. Pairing energy correction has also been included. At low incident energies, i.e. below a few MeV, mainly binary reactions occur and very often the target and compound nuclei only are involved in the whole reaction chain. A maximum of 30 discrete levels are taken for both target nuclei and residual nuclei. Hauser-Feshbach calculations are performed with full j, l coupling. All these options are included in TALYS code.
III. RESULTS

A. Results of RMF calculations
The most important RMF result relevant to the calculation of neutron capture in the present formalism is the density profile. Experimental results on density are available for three nuclei with N = 82, viz.
138 Ba, 142 Nd, and 144 Sm. In Fig. 1 , we plot the charge density obtained in our calculation for these three nuclei. The experimental densities for 138 Ba and 142 Nd have been generated from the parameters for a three parameter Gaussian function fitted to describe the electron scattering data of Heisenberg et al. [19] For 144 Sm, the FourierBessel coefficients obtained from fitting the experimental results of Moinester et al. [20] have been used.
Charge radius values, as a first moment of the charge distribution, can be compared with calculated results to check the success of theoretical approach. In Table I , we compare the calculated r.m.s. charge radius values with experimental data. From the comparison between experimental and calculated charge density and radius values, one can infer that the present RMF calculation can describe the nuclear density near N = 82 shell closure very well. We now employ the theoretical density values to derive the optical model potential and extract cross-sections for neutron capture. 133 Cs(n, γ) reaction are from Refs. [22] [23] [24] . The cross-section values are averaged over neutron energy range as the resonances are unresolved. For example, Yamamuro et al. [23] used the neutron beam from a tantalum photo-neutron source. They then average the cross-section over appropriate energy interval. For 139 La, the data are from Refs. [24, 25] . Similarly, here also the neutron energy has a 5% error and we get an average value for various energies. Harnood In Fig. 3 Ba nuclei in the energy range from 3 to 225 keV using gold as a standard [29, 30] . Neutron capture by the neutron closed shell nucleus 138 Ba has been studied in Refs. [31, 32] .
Results for neutron capture cross-sections of 142−146 Nd are shown in Fig. 4 . Wisshak et al. [33, 34] studied the resonances above 3 keV in 142−146,148 Nd. The data were then compressed in coarse bins to get the average behaviour. In another work, Veerapaspong et al. studied the neutron capture cross-sections for 143.145,146 Nd [35] . Their data were put in a large energy bin of 10 keV wide. Their results agree with Refs. [33, 34] and our results though we have not shown the data in the figure.
In Fig. 5 , we plot the experimental and calculated values for 144,147,148 Sm. For 144 Sm, experimental values are from Macklin et al. [36] where the authors have made measurements from 0.5 eV to 500 keV and have obtained the resonance parameters up to 100 keV. Wisshak et al. studied the neutron capture cross-section of 147−150,152 Sm in the energy range 3 to 225 keV using gold as standard [37] . Mizumoto [38] Apart from the nuclei with N = 82 in the s-process path, i.e.
138 Ba, 139 La, 140 Ce, 141 Pr, and 142 Nd, which act as bottlenecks due to low cross-sections, neutron capture reactions in some other nuclei in the neighbourhood are also important for nucleosynthesis. In Fig. 6 , we show the s-process path in the neighbourhood of the shell closure at N = 82. 144 Sm, the last corresponding to the shell closure.
In Table II , we present the theoretically calculated MACS values at kT = 30 keV for a number of selected isotopes and compare with experimental measurements whenever available. Experimental values are from the database [40] , which is an updated version of the compilation of Bao et al. [41] . Theoretical values from MOST calculation [42, 43] , which are listed on the KADO-NIS online database, are also presented. MOST is a Hauser-Feshbach code which derives all nuclear inputs from global microscopic models. As one can see, agreement of our results with experiment is better than the [40] . See text for other experimental values. The nuclei with N = 82 are in bold font.
MACS(mb)
MACS ( Ce is smaller by more than a factor of two while that for 142, 143 Pr is larger by more than 25% and 20%, respectively. The results for La and Pr isotopes are also close to experimental measurements. The nucleus 138 La is produced in the pprocess. However, results for more neutron deficient Ce isotopes do not agree well with experiments.
As one goes to heavier isotopes, agreement becomes poorer except in a few cases such as 144 Nd and 144 Sm, though they are still better than the MOST calculation. In general, the poor agreements may be due to the fact Table III and draw attention to some important results. Heil et al. [45] have used neutron activation studies to measure the MACS value at 5.1 keV as 13.0 ± 0.5 mb in 138 Ba. In the present work, MACS for 138 Ba is calculated to be 10.2 mb at kT = 5.1 keV.
Natural lanthanum is nearly mono-isotopic. It is an important element as it can be easily detected in solar spectroscopy. It is produced in both s-and rprocesses and is particularly suitable for monitoring sprocess abundances from Ba to Pb. This has led to the study of 139 La through neutron TOF spectroscopy as well as activation measurement. In Table III, [48] . Their values also lie close to our calculated results. For example, their measurement yields a value of 106.9±5.3 mb at kT = 5 keV after normalization to the value for 25 keV from Ref. [46] .
Käppeler et al. [44] also used the 7 Li(p, n) 7 Be reaction to study the thermal neutron capture by Ce isotopes at 25 keV. They obtained a MACS value of 12.0±0.4 mb. This was extrapolated to other thermal energy values. As already mentioned, Voss et al. [27] have obtained the MACS values as a function of temperature for 141 Pr. As already mentioned, Wisshak et al. [33] studied the neutron capture cross sections of Nd isotopes. They have also calculated the MACS values at different energy from their data. Guber et al. [49] also measured the MACS values between kT = 5 -50 keV. Both the above references have commented on the importance of the new measurements in s-process.
IV. SUMMARY
To summarize, astrophysically important neutron capture reactions near the N = 82 shell closure have been studied using a microscopic approach. Densities of relevant nuclei near have been calculated in the RMF approach. The calculated charge densities and radii agree with experimental measurements, whenever available. The calculated density has been folded with DDM3Y nucleon-nucleon interaction to obtain the optical model potential for neutron reactions. Cross sections for (n, γ) reactions have been calculated and compared with measurements. Finally Maxwellian average cross-section values, important for s-and p-processes, have been calculated.
